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ABSTRACT
The Next Generation Virgo Cluster Survey (NGVS) is a deep u∗giz survey targeting the Virgo cluster
of galaxies at 16.5 Mpc. This survey provides high-quality photometry over an ∼ 100 deg2 region
straddling the constellations of Virgo and Coma Berenices. This sightline through the Milky Way is
noteworthy in that it intersects two of the most prominent substructures in the Galactic halo: the
Virgo Over-Density (VOD) and Sagittarius stellar stream (close to its bifurcation point). In this paper,
we use deep u∗gi imaging from the NGVS to perform tomography of the VOD and Sagittarius stream
using main-sequence turnoff (MSTO) stars as a halo tracer population. The VOD, whose centroid
is known to lie at somewhat lower declinations (α ∼ 190◦, δ ∼ −5◦) than is covered by the NGVS,
is nevertheless clearly detected in the NGVS footprint at distances between ∼ 8 and 25 kpc. By
contrast, the Sagittarius stream is found to slice directly across the NGVS field at distances between
25 and 40 kpc, with a density maximum at ' 35 kpc. No evidence is found for new substructures
beyond the Sagittarius stream, at least out to a distance of ∼ 90 kpc — the largest distance to which
we can reliably trace the halo using MSTO stars. We find clear evidence for a distance gradient in
the Sagittarius stream across the ∼ 30 deg of sky covered by the NGVS and its flanking fields. We
compare our distance measurements along the stream to those predicted by leading stream models.
Keywords: Galaxy: halo – Galaxy: stellar content – Galaxy: structure – Local Group
1. INTRODUCTION
Large-scale stellar mapping of the Milky Way by
panoramic optical and infrared imaging surveys — most
notably the Sloan Digital Sky Survey (SDSS) and the
Two Micron All Sky Survey (2MASS) — has revealed a
rich and complex panoply of faint, remote substructures
(e.g., Belokurov et al. 2006; Majewski et al. 2003; New-
berg et al. 2007, 2002; Ibata et al. 2001a,b, 2002; Martin
et al. 2014). Indeed, the many stellar streams that have
now been discovered in the outer Galaxy provide prima
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facie evidence that the assembly of the halo is an ongo-
ing process. While some of these streams are clearly still
attached to their progenitor systems (e.g. the Sagittar-
ius tidal stream), others are seemingly isolated and left
adrift away from their ancestral homes (e.g., the Orphan
stream; Belokurov et al. 2006; Grillmair 2006). Needless
to say, the properties of these stellar streams provide us
with invaluable information on both the accretion history
of the Milky Way and its gravitational potential.
The archetypal stellar stream — that of the tidally
disrupting Sagittarius dwarf galaxy (discovered by Ibata
et al. 1994, 1995) — has now been mapped extensively
across both the northern and southern hemispheres of
the Galaxy (e.g., Mateo et al. 1996, 1998; Totten & Ir-
win 1998; Majewski et al. 1999, 2003; Ivezic´ et al. 2000;
Yanny et al. 2000; Dohm-Palmer et al. 2001; Mart´ınez-
Delgado et al. 2001a; Vivas et al. 2001; Ruhland et al.
2011; Ibata et al. 2001a, 2002; Majewski et al. 2003; New-
berg et al. 2002; Bellazzini et al. 2003; Newberg et al.
2003; Belokurov et al. 2006; Yanny et al. 2009; Correnti
et al. 2010; Niederste-Ostholt et al. 2010; Koposov et al.
2012; Carlin et al. 2012b; Jerjen et al. 2013; Pila-Dı´ez
et al. 2014; Belokurov et al. 2014; Koposov et al. 2015;
Hyde et al. 2015; Huxor & Grebel 2015).
As the quality and quantity of data for the stream
has improved, a wide range of models for its forma-
tion have been developed and refined (e.g., Velazquez
& White 1995; Mart´ınez-Delgado et al. 2001b; Helmi &
White 2001; Ibata et al. 2001b; Helmi 2004; Law et al.
2005; Johnston et al. 2005; Fellhauer et al. 2006; Law
& Majewski 2010; Pen˜arrubia et al. 2010; Casey et al.
2012; Deg & Widrow 2013; Ibata et al. 2013; Gibbons
et al. 2014). The latest data now suggest that it is diffi-
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cult to accommodate both the kinematic and photomet-
ric measurements of the leading and trailing arm within
one single prolate, spherical or oblate Milky Way poten-
tial (although it is possible if the density profile of the
halo is allowed greater freedom, Ibata et al. 2013). From
a modeling standpoint, the discovery of an apparent bi-
furcation in the stream (Belokurov et al. 2006; Koposov
et al. 2012; Slater et al. 2013), a recently discovered off-
set between the trailing arm and the predictions of many
models (Belokurov et al. 2014; Koposov et al. 2015) and
the possible existence of faint, associated streams (Ko-
posov et al. 2013) have further complicated matters. At
the present time, two widely used models for the Sagit-
tarius tidal stream are those of Law & Majewski (2010,
hereafter LM10) and Pen˜arrubia et al. (2010, hereafter
Pen10). To lessen the tension between the leading and
trailing arm data, these models both use a triaxial —
though nearly prolate — halo potential that has the awk-
ward property of not being aligned with the plane of the
Milky Way disk. The Pen10 model was specifically fo-
cused on modelling the stream bifurcation, which they
attribute to a moderate amount of rotation in the stream
progenitor. However, no evidence for such rotation has
been found in the core of the Sagittarius dwarf galaxy
(Pen˜arrubia et al. 2011).
More recently, Vera-Ciro & Helmi (2013, hereafter
VC13) have calculated the orbit of the Sagittarius dwarf
galaxy in a Galactic potential that includes both a vary-
ing shape with radius — as is seen in cosmological simu-
lations (Vera-Ciro et al. 2011) — and the influence of the
Large Magellanic Cloud (LMC). While not a full N-body
simulation, a comparison of their test particle orbit to the
latest data showed that this new potential can alleviate
some of the earlier tensions. It also showed that the in-
clusion of the LMC potential can significantly change the
orbit of the Sagittarius and its tidal stream. In addition,
Go´mez et al. (2015) have shown that in such a scenario
the Milky Way’s response to the orbit of the LMC must
also be taken into account. As we shall argue below,
new simulations of the Sagittarius stream including all
these effects are now needed, while deeper imaging at
selected positions along the stream, including direct dis-
tance measurements, are needed to constrain the various
model parameters.
A second prominent substructure in this region of the
sky, but one lying at a closer distance, is the Virgo
Stellar Stream or Virgo Over-Density (hereafter VOD).
The VOD is now recognized to span more than 1000
square degrees (Juric´ et al. 2008; Jerjen et al. 2013)
and contain several dense clumps embedded within it
(Vivas et al. 2001; Newberg et al. 2002; Vivas & Zinn
2003, 2006; Newberg et al. 2007; Keller et al. 2008, 2009,
2010). In addition to the large-scale excess of halo stars
that was originally used to identify the VOD, several
distinct, kinematically-grouped substructures have now
been found in this region (Duffau et al. 2006; Newberg
et al. 2007; Vivas et al. 2008; Prior et al. 2009; Starken-
burg et al. 2009; Brink et al. 2010; Duffau et al. 2010;
Casey et al. 2012; Duffau et al. 2014). Although most
of these kinematical structures show high positive galac-
tocentric velocities, their spread in velocity can be more
than 100 km s−1. The nature of these over-densities —
and their relationship to the VOD itself and to each other
— has yet to be conclusively established. None of them
seems obviously associated with the Sagittarius leading
arm, the bifurcation feature, or any of the predicted trail-
ing arm features or older wraps in this region. It has
been suggested that many, and perhaps all, of these sub-
structures could be explained as the remnants of a now
disrupted satellite galaxy (e.g., Carlin et al. 2012 and
references therein) with stellar proper motion measure-
ments for some of the substructures seeming to point to
an orbit that has just passed pericenter (Casetti-Dinescu
et al. 2006; Carlin et al. 2012). Whatever the true expla-
nation, it is clear that the sightline towards the constel-
lation of Virgo is a complex and intriguing “crossroad”
in the Milky Way — and one for which a consensus has
yet to emerge.
By a lucky coincidence, this region of the sky is also
home to the rich cluster of galaxies nearest to the Milky
Way: the Virgo cluster, at a distance of 16.5 Mpc (Mei
et al. 2007; Blakeslee et al. 2009). The cluster has been
the subject of numerous past imaging studies (see, e.g.,
Richter & Binggeli 1985; Binggeli et al. 1985; Coˆte´ et al.
2004 and references therein), and is the target of a new,
deep, panoramic, multi-band survey with the Canada-
France-Hawaii Telescope (CFHT): the Next Generation
Virgo Cluster (NGVS; Ferrarese et al. 2012). Although
the primary goal of the NGVS is a census and character-
ization of baryonic substructure within the Virgo cluster,
the survey is also ideally suited for studying the struc-
ture of the Milky Way halo along this direction. For
instance, in their NGVS study of Virgo’s globular clus-
ter populations, (Durrell et al. 2014) clearly identified
the Sagittarius stellar stream as a prominent foreground
feature (see their Figure 5). Our study thus builds upon
the tradition of using wide-field photometric data sets
acquired for background galaxies or clusters to study
the intervening halo: those of, e.g., Martin et al. (2014),
who mapped the highly structured Galactic foreground
within the deep Pan-Andromeda Archaeological Survey
(McConnachie et al. 2009), and Pila-Dı´ez et al. (2014),
who determined distances along the Sagittarius stream
and various other substructures from pencil-beam survey
data targeting galaxy clusters.
In this work, we focus on the two main stellar over-
densities in, and around, the NGVS region: the Sagittar-
ius stellar stream and the VOD. Using old, metal-poor
stars located near the main sequence turn-off (MSTO) re-
gion, we are able to measure accurate distances to these
over-densities and explore their three dimensional struc-
ture within the Galaxy. These measurements allow us
not only to probe the geometry of these substructures
but to test the predictions of numerical models that hinge
on the assumed properties of their progenitors and the
Galactic halo potential.
This is the first NGVS paper to focus specifically on
the Milky Way foreground star population. Other papers
in this series have examined the distribution of globular
clusters within the Virgo cluster (Durrell et al. 2014),
the properties of star clusters, UCDs and galaxies in
the cluster core (Zhu et al. 2014; Zhang et al. 2015; Liu
et al. 2015), the internal dynamics of low-mass galaxies
(Gue´rou et al. 2015, Toloba et al., submitted), abun-
dance matching of low-mass galaxies in the cluster core
(Grossauer et al. 2015, in press), interactions within pos-
sible infalling galaxy groups (Paudel et al. 2013), optical-
IR source classification methods (Mun˜oz et al. 2014), a
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Figure 1. A stellar density map made using SDSS stars selected to have colors of 0.2 < (gSDSS − rSDSS) < 0.3 and (uSDSS − gSDSS) >
0.4, and magnitudes of 20.4 < gSDSS < 21.4. This selection showcases the various large-scale Milky Way substructures in the northern
hemisphere that happen to fall along the line of sight to the constellation of Virgo. The location of the 100 deg2 NGVS survey footprint
and its four background regions are shown. The NGVS lands squarely on the northern tidal stream of the Sagittarius dwarf galaxy, with
the two lower background fields also falling on the tidal stream.
new member of the inner Oort cloud (Chen et al. 2013)
and a catalogue of photometric redshifts for background
sources (Raichoor et al. 2014).
The paper is organized as follows. We begin with a
short introduction to the NGVS in §2. In §3, we give
an overview of the main substructures visible in the very
deep NGVS data, including the VOD and the Sagittarius
tidal stream. In §4, we determine accurate distances to
the Sagittarius tidal stream using the NGVS data and
compare those distances to the predictions of three lead-
ing stream models. We summarize and conclude in §5.
2. OBSERVATIONS AND DATA
The NGVS is a multi-band, panoramic imaging sur-
vey of the Virgo cluster carried out with the MegaCam
instrument mounted at prime focus on the 3.6m Canada-
France-Hawaii Telescope (CFHT). Full details on the sur-
vey design, reduction procedures, data products and sci-
ence goals have been presented in Ferrarese et al. (2012).
In brief, the survey covers an area of 104 deg2 inscribed
within the virial radii of Virgo’s two main subclusters:
the A subcluster to the north, centered on Virgo’s cD
M87, and the B subcluster to the south, centred on
Virgo’s optically brightest galaxy, M49. Observations
were carried out in four optical bands — u∗, g, i, and z
— in the MegaCam filter system13 to 10σ point-source
13 Note that the MegaCam bands have similar names to those
of the SDSS, but the filters do not cover exactly the same wave-
depths of u∗ = 24.8, g = 25.9, i = 25.1 and z = 23.3 AB
mag. The survey has sub-arcsec seeing in all bands, with
a median seeing of 0.′′54 in the i−band. The survey also
includes partial coverage of the NGVS footprint in the r
band (see, e.g., Raichoor et al. 2014).
In Figure 1, we show the location of the NGVS foot-
print within the large-scale Milky Way stellar halo in the
Northern hemisphere, as seen by SDSS. In this figure,
SDSS DR7 was used to create a density map of MSTO
stars selected by the following color criteria:
0.2 < (gSDSS − rSDSS) < 0.3
(uSDSS − gSDSS) > 0.4. (1)
A magnitude cut of 20.4 < gSDSS < 21.4 was also ap-
plied in order to select SDSS stars having approximate
distances of 15 . d . 35 kpc. In this distance range,
the two over-densities that we focus on in this paper —
namely, the VOD and the brighter branch of the Sagit-
tarius tidal stream bifurcation — are unmistakable. The
Sagittarius tidal tail is running diagonally from (α, δ) ∼
(120◦, 20◦) to (200◦, 10◦). The fainter bifurcation feature
is seen above the main stream. By contrast, the VOD ap-
pears as an immense over-density which peaks at (α, δ) ∼
(190◦, –5◦). Although its center lies well south of our
fields, the VOD also extends northward into the NGVS
footprint. Note that the NGVS also includes four out-
length range nor do they have the same response function: see
http://www.cadc.hia.nrc.gc.ca/en/megapipe/docs/filt.html.
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lying background fields (see the four squares in Figure 1
and Ferrarese et al. 2012) located ∼ 16◦ from the cen-
ter of the footprint. Among the four NGVS background
fields, two lie well off the main portion of the Sagittar-
ius tidal stream, but two others fall squarely along the
stream. As we show below, these two fields turn out to
provide important constraints on the overall geometry of
the stream.
Our analysis of these substructures obviously requires
a catalog of stellar sources selected from the NGVS.
Within the NGVS footprint, a catalog optimized for com-
pact and unresolved sources was created as described
in Liu et al. (2015) and summarized below. Note
that the NGVS has implemented several data process-
ing pipelines, each optimized for a specific goal; for
the purpose of this work, a source catalog was gener-
ated using NGVS stacks processed through the MegaPipe
(Gwyn 2008) pipeline which adopts a global estimation
of the sky background. For compact and unresolved
sources, these stacks provide the highest photometric ac-
curacy (see Ferrarese et al. 2012 for details). Photometry
was then performed using SExtractor (Bertin & Arnouts
1996) in dual-image mode with the g−band — the deep-
est of the NGVS bands — as the detection image. Aper-
ture magnitudes were measured in apertures of diameter
3, 4, 5, 6, 7, 8, 16 and 32 pixels (each pixel correspond-
ing to 0.′′187) and then corrected to an infinite aperture.
This last step was performed by applying an aperture
correction measured by matching the MegaCam 16-pixel
aperture magnitudes to SDSS PSF magnitudes (trans-
posed to the MegaCam photometric system as given in
equation 4 of Ferrarese et al. 2012) for a number of bright
but unsaturated stars. All other aperture magnitudes
(within 3, 4, 5, 6, 7, and 8 pixels) were then corrected to
a 16-pixel aperture. Because of PSF variations from field
to field, aperture corrections were calculated separately
for each field and, of course, for each filter.
Point sources were then selected as having −0.1 ≤
(m4 − m8) ≤ +0.15 mag, where m4 and m8 are the
corrected aperture magnitudes measured within 4 and
8 pixels, respectively. The smaller of these two apertures
is well matched to the average seeing of the MegaCam
images given the pixel scale. The PSF is sufficiently uni-
form over the images that all point sources cluster tightly
in (m4 −m8) (the same is generally true for the differ-
ence in any two aperture magnitudes). Although point-
source selections were carried out separately in each of
the u∗, g and i bandpasses, the overall results are not
affected by the choice of bandpass (or a combination of
them). Therefore, for the remainder of this work, we
use the catalog of stellar sources derived in the g band.
As a final step in the catalog preparation, the photom-
etry for each object was de-reddened following Schlegel
et al. (1998). Note that the reddening along this line
of sight is quite low (see, e.g., Boissier et al. 2015), with
M87, which marks the center of the Virgo cluster, having
E(B − V ) = 0.022 mag.
Figure 2 shows the (Hess) colour-magnitude diagram
(CMD) of all NGVS stellar (point-like) sources identi-
fied in this way. The average photometric error in i and
(g− i) as a function of i-band magnitude is shown on the
left-hand side of the figure. This figure illustrates the lo-
cation of Milky Way stars along this line of sight, which
is dominated by faint MS halo stars, plus some very red
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Figure 2. Color-magnitude diagrams (CMDs) for compact
sources in the NGVS. (Left Panel) In this CMD, the location of
halo main sequence turnoff (MSTO) stars, disk dwarf stars and
compact background galaxies are labelled. An over-dense main se-
quence with a turnoff at i ∼ 21 is clearly visible, corresponding
to the tidal stream of the Sagittarius dwarf galaxy. The best-fit
theoretical isochrone for the tidal stream is shown as a reference.
Typical photometric error bars are shown along the left side of the
diagram. (Right panel) In this CMD, three representative polygons
used to select main sequence turnoff stars are shown, correspond-
ing to distances (from bright to faint) of ∼ 10, 20 and 30 kpc. Each
main sequence selection region corresponds to the similarly labelled
density map in Figure 6. The main locus of red globular clusters in
the Virgo cluster is also indicated, as the bluest globular clusters
have the same (g − i) color as halo main sequence stars.
Colour vs Colour Plot of NGVS Data
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Figure 3. A colour-colour diagram of the NGVS stars scaled with
density inside bins of 0.1 mag. The MSTO color selection is shown
in blue while the green curve shows a PARSEC isochrone with an
age of 9 Gyr and a metallicity of [M/H] = –0.7 dex. The main
region occupied by background galaxies is also shown. Red con-
tours surround their location and the locus of white dwarfs in the
color-color plane. A (u∗−g) MSTO color cut was used to separate
white dwarfs stars from the MSTO stars, which overlap in (g − i)
color.
disk dwarfs in the solar neighbourhood. At the faintest
magnitudes, one sees residual contamination from com-
pact, background galaxies. At brighter magnitudes, still
another source of contamination is discernible: globu-
lar clusters belonging to the Virgo cluster which appear
as nearly point-like at this distance (Jorda´n et al. 2005;
Durrell et al. 2014). We will discuss our treatment of
these various contaminants below.
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Figure 4. Distances derived from a mock catalog of stars taken
from the TRILEGAL model of the Galaxy in the direction of NGVS
(using the NGVS color band system and magnitude range). The
distances were derived assuming a MSTO magnitude of i = 4 —
the approximate MSTO magnitude of halo stars (age ∼ 11 Gyrs,
[Fe/H] ∼ -1.0) — and plotted against the input distances from the
mock catalog. In the upper panel, a (g− i) cut has been applied to
the mock sample; in the lower panel, an additional (u∗−g) cut has
also been applied. The solid black line is the average calculated
distance vs. actual distance, displaying the trend’s agreement with
the dashed red one-to-one line. It is clear from a comparison of the
running averages that, without a (u∗ − g) color cut to weed out
white dwarfs in the sample, the derived distance profile will be
highly skewed.
3. EXPLORING MILKY WAY HALO SUBSTRUCTURE
3.1. Selecting a Tracer Population
In this work, we use main sequence (MS) stars located
near the MSTO as our stellar tracers. MSTO stars are
not as accurate distance indicators as some other stellar
tracers (e.g., blue horizontal branch = BHB stars), but
they are more numerous than other stellar types and,
as such, are attractive targets for mapping large-scale
structure.
To map halo features using MS stars, we begin by con-
structing a polygon in the CMD centered on the MS of a
particular theoretical isochrone (an “MS box”) in order
to select stars located near the turn-off region. Each box
is centered on an isochrone that we henceforth adopt as
the fiducial for this analysis: a PARSEC isochrone hav-
ing an age of 9 Gyr and a metallicity of [M/H] = –0.695
dex (Bressan et al. 2012), which has MSTO i-band ab-
solute magnitude = 3.8. These values have been chosen
to match the Sagittarius stream properties in this region
of the sky (Chou et al. 2007). In the left panel of Fig-
ure 2, the PARSEC isochrone is overplotted on top of the
most visible turn-off feature that we see within the NGVS
CMD: that of the Sagittarius stream. Grafted onto this
isochrone, our MS boxes are wide enough to accommo-
date MS stars having a dispersion in metallicity and age
centered on these mean values.
The MS boxes have been limited in (g− i) colour space
by requiring:
0.20 < (g − i) < 0.55. (2)
Here the blue boundary corresponds to the MSTO colour
and the red boundary has been chosen to minimize con-
tamination by Virgo globular clusters (whose position in
the CMD is indicated in the right panel of Figure 2; see
also Figure 1 of Durrell et al. 2014). By moving this se-
lection box vertically in the CMD, we can identify MS
stars at a range of heliocentric distances. When doing
so, the vertical widths of the boxes are scaled smoothly
as a function of magnitude to ensure that the physical
depth of each sample of stars selected within the boxes is
5 kpc. Examples of MS boxes at three different distances
are shown in the right panel of Figure 2.
For stars selected inside any of the MS boxes, we im-
pose a second constraint: a colour selection of
0.58 < (u∗ − g) < 0.90 (3)
that eliminates disk white dwarfs from our sample of
MSTO halo stars. In Figure 3, this additional colour
selection in shown in the (u∗ − g)–(g − i) colour-colour
diagram. The location of white dwarf stars and back-
ground galaxies is shown, demonstrating that, although
the white dwarfs and MS stars have similar (g−i) colours,
they are cleanly separated using the (u∗ − g) index. Es-
pecially at fainter magnitudes, we find that up to ∼ 20%
of our MS samples would actually be (disk) white dwarf
candidates if this extra color selection criterion were ig-
nored. Such a contamination rate would heavily skew
the distance estimates for these stars, as demonstrated
in Figure 4. In this figure, we calculate MSTO distances
to stars in the TRILEGAL model mock catalog (Girardi
et al. 2005, 2012) from which we took a selection of stars
comparable in galactic latitude and magnitude range to
our NGVS sample. The distance is calculated from the
difference between the apparent magnitude of MSTO
stars in the model (selected by 0.1 < (g − i) < 0.35)
and an absolute magnitude of i = 4, in accordance with
the approximate MSTO absolute magnitude of halo stars
with age ∼ 11 Gyrs and [Fe/H] ∼ -1.0. In order to de-
rive the needed accurate distances to individual stars -
rather than a characterisation of the distance distribu-
tion of the population - we focus for the purpose of this
test solely on the main-sequence turn-off stars and thus
use a (g − i) range smaller than that used for the MS
boxes. The two panels show the derived and model in-
put distances both with and without an extra (u∗−g) cut
applied to the model stars. Clearly, for deep photometric
6 Lokhorst et al.
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Figure 5. (Left panel) The location of the Virgo cluster galaxies inside the NGVS footprint. The symbol size has been scaled by galaxy
B-band luminosity. The red crosses mark the locations of M49 and M87, which are located near the centers of subclusters A and B. (Middle
panel) A density map of all NGVS compact sources with i < 23.5. M49 and M87 are again marked by red crosses. The obvious density
enhancements at the positions of the brightest Virgo galaxies are due to contamination of the stellar catalogue by Virgo globular clusters.
(Right panel) A density map of main sequence stars from the NGVS, selected using the color cuts given in Equations 2 and 3. In this map,
there are no longer any significant over-densities at the locations of M49, M87 (red crosses) or any other Virgo galaxies: i.e., the MSTO
selection is highly effective in removing globular clusters from the stellar sample.
studies of halo star populations, the addition of a second
color index that includes a blue bandpass is absolutely
essential.
Background galaxies in our sample of MSTO halo stars
are also reduced by the combined colour cuts, but extend
into the MSTO region shown in Figure 3 with increasing
number at fainter magnitudes. Significant contamination
from these misidentified background galaxies occurs at
i ∼ 23.5 (see Fig 2), therefore we adopt this as the depth
limit to our analysis.
The effectiveness of this approach in eliminating con-
tamination from background sources, including globular
clusters in the Virgo cluster, is illustrated in Figure 5.
In the left panel of this figure, we show the location of
Virgo galaxies within the NGVS footprint, with sym-
bol sizes scaled according to galaxy B-band luminosity.
The supergiant elliptical galaxies M49 and M87 are de-
noted by the red crosses in each panel of this figure. The
middle panel shows a density map of the NGVS point
sources brighter than i = 23.5 mag, a selection that elimi-
nates most of the contamination from background galax-
ies. However, it is clear that significant contamination
from misidentified Virgo globular clusters remains, man-
ifesting as strong density peaks at the location of M49,
M87, and many other Virgo galaxies. In the right panel
of Figure 5, we show a map of MS stars selected using
both a selection on i-band magnitude and on location
in the (u∗ − g)–(g − i) colour-colour diagram. Clearly,
the contamination from globular clusters has now been
largely eliminated by the colour-colour selection and no
longer affects our view of the intervening halo.
In the remainder of the paper, we adopt the MS star
selection process described above, which allows the halo
to be traced out to distances of d ∼ 90 kpc. Because
NGVS is several magnitudes deeper than SDSS – the
95% completeness limit of SDSS is reached at i = 21.3
(Abazajian et al. 2009) – it allows us to probe a lot deeper
into the outer halo. Main-sequence mapping based on
SDSS photometry alone has mainly focussed on distances
< 20 kpc (e.g., Juric´ et al. 2008).
3.2. Blue Horizontal Branch stars as tracers
We examined the possibility of additionally using BHB
stars as stellar tracers. SDSS studies of MS stars have
often been accompanied by BHB star studies. Due to
their relatively high luminosities, BHB stars allow one
to probe larger distances than is possible with MS stars.
Unfortunately, the Megacam u∗ filter extends to redder
wavelengths than the SDSS u filter, compromising our
ability to include BHB stars in our analysis: i.e., the
additional red coverage includes a significant region red-
ward of the Balmer break, whereas in SDSS most of the
u-band transmission is dominated by light blueward of
the break. This difference — though small in terms of
wavelength coverage — is important for BHB studies be-
cause it means that the filter loses its gravity sensitivity
for these hot stars. We are therefore unable to sepa-
rate BHB stars from contaminating blue straggler stars
(which have a similar temperature but a much higher
gravity) and therefore cannot use BHB stars as a com-
plementary tracer population.
3.3. Halo Tomography
In Figure 6, we use our selection criteria for MS boxes
placed at different distances to perform tomography of
the Milky Way halo. Density maps for stars within each
distance slice are shown in 3′ by 3′ cells, smoothed with
a Gaussian filter of FWHM = 12′. The nine panels in
Figure 6 show MS stars centered on our fiducial isochrone
at mean heliocentric distances of d = 5, 10, 15, 20, 25,
30, 40, 50 and 60 kpc. These distances are labelled in
each panel, along with the mean MSTO magnitude in
each bin.
Already at distances of 5–12 kpc, an over-density be-
gins to appear in the southern half of the survey foot-
print, at a location and distance consistent with the VOD
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Figure 6. Density maps of MSTO stars in the NGVS footprint. The nine panels step outwards in heliocentric distance through the Milky
Way halo, displaying MSTO stars selected within boxes tailored around the main sequence of a PARSEC isochrone. A color cut in (u− g)
has been used to eliminate white dwarfs from the MSTO star sample (see Figure 3). The boxes used to select stars in panels ii, iv, and
vi are shown in Fig 2. The width of the boxes in magnitude are scaled with distance such that the approximate range in distance within
each box is 5 kpc. The mean distance and MSTO magnitude of the stars within each density map are labelled in the lower left of each
panel. The stars have been binned within 3′ × 3′ pixels and smoothed with a Gaussian filter having FWHM = 12′. As the stars increase
in distance from the disk, the feature referred to as the Virgo Over-Density (VOD) appears at d ∼ 8 kpc (panel ii). The VOD increases
in density and spatial extent at slightly larger distances (d ∼ 15 kpc), and then diminishes beginning around d ∼ 20 kpc. In panel vi,
we see the Sagittarius tidal stream clearly flowing from low to high declination as RA decreases. In order to investigate the change in the
Sagittarius tidal stream properties across the NGVS, the two spatial boxes shown in panel vi are used to determine an overall trend in
stream distance. At distances well beyond the stream, we see a smooth spheroid halo with no other significant substructure (panels viii
and ix).
(see §1). At distances of 25–40 kpc, the Sagittarius tidal
stream is clearly seen slicing across the NGVS footprint.
At farther distances (up to 50 kpc), the Sagittarius tidal
stream still appears at a low level. Although, a certain
distance spread within the stream is seen, as well as ex-
pected (see also Sections 4.2.2 and 4.4), the tails of this
distribution can be mostly ascribed to remnant contam-
ination from white dwarf populations and photometric
uncertainties. At intermediate distances, we see a rather
lumpy stellar distribution that could be due to a mixture
of stars belonging to these two substructures. We do not
clearly detect the bifurcation feature that runs parallel
to the Sagittarius stream at slightly higher declinations
(e.g., Belokurov et al. 2006; Koposov et al. 2012; Slater
et al. 2013; de Boer et al. 2015). This is because, at the
highest declinations probed by the NGVS, the secondary
stream is too faint and no clear background region is
available within the NGVS footprint for it to stand out
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against.
The VOD, which has previously been observed at dis-
tances ranging from 5 to 30 kpc, is known to spread over
thousands of square degrees (Juric´ et al. 2008; Jerjen
et al. 2013). The VOD stellar density reaches its max-
imum at lower declinations than are accessible by the
NGVS and, indeed, most previous studies have targeted
areas of declinations lower than those examined here.
We note that several formation models for the Sagittar-
ius stream suggest that some trailing arm debris and/or
older wraps could be present within the NGVS footprint
at smaller distances than the leading arm. Based on pho-
tometry alone (i.e., without any radial velocity or proper
motion information), it is difficult to conclusively rule
out the possibility that some of the substructure we at-
tribute to the VOD may instead be associated with the
Sagittarius tidal debris. However, according to current
models, any secondary streams are not expected to be as
strong as the prominent over-density we see in our data.
For instance, in the LM10 model, no debris features in
the NGVS fields are predicted at ∼12-18 kpc, which is
where we see our peak density. Henceforth, we will there-
fore refer to the southerly feature detected between 5 and
25 kpc as the VOD and consider it separately from the
Sagittarius stream.
We see the VOD first appear at d ∼ 8 kpc and dis-
appear completely by d ∼ 25 kpc. In this distance
range many smaller “hotspot” regions can be observed
within the broader over-density feature itself. Spatially,
the VOD is separated from the Sagittarius tidal stream
in distance as well as location on the sky. In the density
maps shown in Figure 6, the stream appears clearly in
the mid-upper region of the footprint, whereas the VOD
is strongest at the very bottom of the survey, at the de-
clinations . 8◦. A sharp cut-off is used to indicate the
strongest part of the VOD in panel ii of Figure 6, though
it appears across the entire region with density decreas-
ing towards the top-right (see panels ii and iii).
As shown in, e.g., Helmi et al. (2011), galactic sub-
structures tend to be distributed very anisotropically
on the sky in halo simulations carried out within a
ΛCDM framework. One should therefore be careful
about na¨ıvely linking two over-densities on the sky to
a common physical origin. Indeed, it may be prudent to
look more deeply into regions that are already known to
show an abundance of substructures. Although this is
exactly what we have done in our analysis, it is worth
noting that we find no convincing evidence for new over-
densities lying behind the Sagittarius leading arm.
4. THE DISTANCE GRADIENT OF THE SAGITTARIUS
TIDAL STREAM
In this section, we use our halo star density maps to
examine the three-dimensional structure of the Sagittar-
ius tidal stream, specifically its distance gradient along
the line of sight.
4.1. CMD Analysis of the Sagittarius Tidal Stream
The Sagittarius stream first appears in Figure 6 at a
distance of d ∼ 20 kpc and reaches its greatest promi-
nence in panel vi, at a distance of ∼ 30 kpc. The stream
is clearly visible as a broad swath extending from higher
to lower declination as right ascension increases.
Examination of the panels vi-vii of Figure 6 show
hints of a significant distance gradient in the Sagittarius
stream across the NGVS field, with the largest right as-
cension region being systematically further away than the
other extreme. We explore this further in Figure 7, where
we show the CMDs of halo MS stars selected within the
red and blue boxes drawn in panel vi of Figure 6. The
two NGVS background fields at δ ≥ 20◦, which do not
intersect any obvious substructures in this distance range
(see Figure 1), were used to create a reference CMD that
was subtracted from the CMDs of the tidal stream re-
gions. These background-subtracted CMDs are shown
in the left and middle panels of Figure 7. Our fiducial
isochrone is shown as the dashed green curve in each
panel, shifted to a common distance modulus of (m−M)
= 17.8 mag (d ≈ 36.3 kpc).
A differential CMD for the Sagittarius stream is shown
in the right panel of Figure 7, in which the CMD in the
middle panel (composed of stars within the blue spatial
box in panel vi of Figure 6) was subtracted from the CMD
in the left panel (composed of stars in the red spatial box
in panel vi of Figure 6). The results of this subtraction in
the right panel of Figure 7 are colour coded according to
the differential over- or underabundance of the number
of stars in the red or blue spatial box respectively. This
differential analysis illustrates that the mean distance to
the stream changes with position on the sky. This is most
clearly seen to the left and right of the main sequence
of the overplotted fiducial isochrone. Whereas left of
the isochrone main sequence the pixels are mostly blue
(corresponding to a relative overabundance of stars in the
blue spatial box at larger distance), they are mostly red
on the right side, in line with a relative overabundance of
stars in the red spatial box at closer distances. By fitting
an isochrone to both spatial fields separately, we find that
the vertical shift between the two best fits corresponds
to a distance difference of ∼ 13 kpc.
4.2. Main Sequence Turn-off Star Analysis
4.2.1. Refining our CMD analysis
The deep photometry and excellent image quality
available in the NGVS allow us to identify MS halo stars
in this region of the sky — with minimal contamina-
tion — to larger distances than has been possible in the
past (e.g., Juric´ et al. 2008; Sesar et al. 2011). Addi-
tionally, this excellent dataset enables the measurement
of distances to a higher level of precision than we have
demonstrated thus far using broad MS boxes. We there-
fore present a more refined approach in this section.
We begin by fine tuning the box dimensions so that
their width at each luminosity is proportional to the
uncertainty of the photometric measurements (resulting
in a trapezoid-like shape in the CMD; see the left and
middle panels of Figure 7). This allows us to compen-
sate naturally for the larger photometric uncertainties of
fainter stars when assessing their likelihood as Sagittarius
stream members. The aim of this exercise is to maximize
our selection of Sagittarius stream stars, so we use again
our fiducial isochrone as the ridge line of this MS box.
Subsequently, we step this spatial box down the CMD
to represent populations at increasing distance, and at
each step apply the weighting scheme to effectively cross-
correlate the observed stellar density on the CMD with
that of the model isochrone. At each step of the MS box,
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Figure 7. (Left and middle panels) Colour-magnitude diagrams (CMDs) of the stars in two locations at either end of the Sagittarius
tidal stream within the NGVS (see panel vi of Figure 6). Background sources have been subtracted from the CMDs for clarity using two
NGVS reference fields (at declinations of δ ∼ 21 and ∼ 27 deg). A PARSEC isochrone (with an age of 9 Gyr and a metallicity of [M/H]
= –0.7 dex; dashed green line) is plotted in both diagrams at a distance modulus of 17.8, along with the selection box used in the main
sequence cross-correlation algorithm described in §4.2. The theoretical isochrone and the main-sequence selection box have been placed
at the location of the Sagittarius tidal stream, which has a clearly over-dense main sequence star population. (Right panel) Differential
CMD showing the residual of the CMDs in the previous panels. Red corresponds to a greater number stars in the first CMD, and blue
corresponds to a greater number of stars in the second CMD. The colors have been scaled with the number of excess stars in either CMD
following the two-toned color bar (with negative numbers referring to an excess of stars in the second CMD). There is a clear vertical shift
between the two populations around the main sequence of the theoretical CMD, indicating a distance gradient to the Sagittarius tidal
stream across the NGVS footprint.
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Figure 8. (Left panel) Schematic diagram showing the 2 deg2 regions used to tile the Sagittarius tidal stream, each of which was used
to calculate a mean stream distance. (Right panel) Number density plotted against distance modulus for Sagittarius tidal stream main
sequence stars derived from stellar counts in the red and blue tiles shown in the preceding panel (red and blue curves, respectively). These
luminosity functions were found via the main sequence cross-correlation algorithm outlined in Section 4.2. Their maxima correspond to
the distances of the tidal stream. This plot shows that the Sagittarius tidal stream is located at a larger heliocentric distance in the
blue (eastern) tile than in the red (western) tile, a result consistent with the CMD analysis: see Figure 7. The histograms result from a
“bootstrapping” method to determine distance uncertainties: the cross-correlation algorithm was performed on random 90% completeness
subsets (250 for each tile), yielding a distribution of peak distances from each sample. The red (blue) histogram corresponds to the red
(blue) luminosity function.
as the region shifts down the CMD, the highest weights
are assigned to stars lying along the ridge line of the MS
region (i.e., those most likely to be at the exact distance
of the MS region). The assigned weights decrease for
stars that are more displaced from the ridge line accord-
ing to a gaussian function whereby the width is set such
that the edges correspond to a 3σ level, following Equa-
tion 1 of Pila-Dı´ez et al. (2014). When implementing this
algorithm, we apply the same selections on (g − i) and
(u∗−g) color described in §3 (i.e., Equations 2 and 3). At
each position of the MS box, the integral of the weighted
stars inside the box represents the MS star density.
4.2.2. Sagittarius Stream Distances
In the above approach, a peak in the MS star den-
sity profile corresponds to an over-density at the distance
modulus applied to the fiducial isochrone. To measure
distances at various positions along the stream, we divide
the NGVS footprint into 2 deg2 cells and apply the algo-
rithm to each cell separately. Figure 8 illustrates this pro-
cess, emphasizing the distance gradient along the stream
within the NGVS footprint. In the left panel, two cells
at either end of the stream have been highlighted. In the
right panel, we show the corresponding MS star density
distributions for these regions. The two peaks are sepa-
rated in mean distance by 6 kpc. This is slightly smaller
compared to the distance separation inferred from the
CMD analysis described in Section 4.1, but note that
the spatial boxes are different as well.
There are several sources of uncertainty intrinsic to this
method. The first is the choice of theoretical isochrone
used for the ridge line of the MS region (which we have
chosen specifically to match what is known about Sagit-
tarius stream stars in this region of the sky, see e.g. Chou
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Figure 9. Comparison of distances to the Sagittarius tidal stream
calculated in this work to those for leading arm of the Sagittar-
ius stream inferred from blue horizontal branch stars (Belokurov
et al. 2014), red horizontal branch stars (Shi et al. 2012), M giants
(Majewski et al. 2004) and main sequence near turn-off stars (Pila-
Dı´ez et al. 2014). Our measurements within the NGVS footprint
are shown as colored triangles, while the two black triangles show
measurements made in the NGVS background fields. NGVS data
points having the same right ascension are plotted using the same
color.
et al. 2007). Other sources of error include sampling er-
rors caused by the limited number of stars available in
a given box, photometric errors on the individual stellar
magnitudes and colors, and contamination by foreground
and/or background sources.
We have accounted for photometric uncertainties in
our distance measurements by implementing a “boot-
strapping” method. Random 90% completeness stellar
subsets were selected and the cross-correlation algorithm
was run on each of them to investigate the robustness
of the original distance estimate. This procedure has
been repeated 250 times for each region. The red and
blue histograms shown in the right panel of Figure 8 are
the 90% completeness peak distance distributions for the
same two example regions used to create the correspond-
ing MS density distributions. The percentiles of the 90%
completeness histograms are taken as the uncertainties
on our distance measurements throughout this work.
In cases where the bootstrapping method yielded more
than one distinct peak in MS star density distribu-
tion, the individual peaks were treated as separate over-
densities — each with its own distance estimate and ac-
companying error distribution. This approach acknowl-
edges the possibility that any given line of sight might cut
through multiple over-dense regions, rather than forcing
the method to find only a single peak or, worse, defining
a final distance as the mean of two distinct peaks. How-
ever, we do define a threshold above which a distance
peak is considered to be a real feature. In what follows,
we consider only those over-densities that were identi-
fied by the bootstrapping method as a main feature in
more than 40% of the cases. Because they should provide
a useful test of future simulations, we have summarized
our findings in Table 1. From left to right, the columns of
this table record the cell right ascension and declination,
measured distance modulus, upper and lower 1σ errors,
and adopted weights. These weights correspond to the
fraction of times the overdensity peak at this distance is
recovered in our bootstrapping tests.
4.3. Comparison with Other Measurements
A comparison of the distances derived in this work with
those from papers in the literature is shown in Figure 9.
For convenience, the distances have been plotted against
the Sagittarius stream coordinate, Λ, which is a coor-
dinate system defined along the Sagittarius stream (for
details, see Majewski et al. 2003).14 Since only one of
the Sagittarius stream coordinates is given in this fig-
ure on the x-axis, a naive plotting of literature results
will give a large range caused by targets that are associ-
ated with leading or trailing arm debris respectively (as
well as older wraps). Here we show only stars associated
with leading arm debris by the various authors, as this is
the component of the Sagittarius stream that we see in
the NGVS footprint. There is generally good agreement
among the different studies, especially when one consid-
ers that different tracers have been used in the various
studies, each with their own typical distance uncertain-
ties. Moreover, Majewski et al. (2004) and Shi et al.
(2012) use individual stars as tracers, whereas our mea-
surements, as well as the points shown for Pila-Dı´ez et al.
(2014) and Belokurov et al. (2014), measure distances to
a population of tracer stars, which explains the reduced
dispersion in these latter measurements. The larger dis-
persion in Majewski et al. (2004) relative to the work of
Shi et al. (2012) can further be explained by the fact that
Shi et al. (2012) measured only distances to stars that
were spatially overlapping with the LM10 model of the
Sagittarius stream, whereas no such restriction was used
in the earlier work of Majewski et al. (2004).
Our observed distances to the stream are shown as the
colored triangles in Figure 9, as well as in each panel of
Figure 10. The symbol sizes of each distance measure-
ment have been scaled by the area under the correspond-
ing peak in the bootstrapping method histogram. To
supplement measurements within the main body of the
NGVS footprint, we also include the two NGVS back-
ground fields situated along the Sagittarius stream (see
Figure 1). These are shown as black triangles offset by
∼ 15◦ from the other NGVS data points.
4.4. Comparison with Numerical Models
Figure 10 compares our measured distances to two N-
body models for the Sagittarius stream — by Law & Ma-
jewski (2010) and Pen˜arrubia et al. (2010) — as well as
the Sagittarius orbit model of Vera-Ciro & Helmi (2013).
The two N-body models, in the upper and middle pan-
els, are shown as density contours (where the darker gray
corresponds to a higher density of model particles). In
the lower panel, the heavy black line corresponds to the
median orbit of a test particle in the potential consid-
ered by VC13. The 1σ and 2σ orbits from the median
are shown as the dashed dark and light grey lines.
Our comparison between the model predictions and
data points shows that the measured distances to the
Sagittarius stream are consistently smaller than those
predicted by the LM10 model. In fact, the densest part
of the stream predicted by the model does not signifi-
cantly overlap with the data. The Pen10 model — which
includes a rotation in the main body of the satellite —
14 Throughout this work, we use the coordinate system defined
by Majewski et al. (2003), rather than the transformation given by
Belokurov et al. (2014).
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Figure 10. Distances to the Sagittarius tidal stream calculated
in this work plotted aginst Λ, the angular coordinate measured
along the stream (Majewski et al. 2003). Our measurements are
plotted the same as in Figure 9. The three panels compare our mea-
sured distances to those from three different models of the Sagit-
tarius tidal stream. Note that only distances with weights > 40
have been plotted. (Upper panel) Particles from the N-body sim-
ulation of the Sagittarius tidal stream by (Law & Majewski 2010
= LM10) are shown as the gray-scaled density contours. (Middle
panel) Same as above, except using the simulation of (Pen˜arrubia
et al. 2010 = Pen10). (Lower panel) Median orbit (dark solid line)
of the (Vera-Ciro & Helmi (2013) = VC13) model for the Sagit-
tarius tidal stream. The 1σ and 2σ contours from this model are
shown by the heavy and light dashed gray curves, respectively.
provides a somewhat better match to the NGVS mea-
surements, with significant overlap between the densest
part of the model and the data. The gradient in dis-
tance along the stream may be slightly shallower than
predicted by the Pen10 model, although this is mainly
driven by the two background fields and is within the
boundaries of the N-body model. Both the LM10 and
VC13 models, are systematically offset to further dis-
tances than found in this analysis. These shifts are of
order 10 kpc for the LM10 model and 5 kpc for the VC13
model (although here our data points do fit comfortably
within the 1σ limits of the VC13 analysis). Such shifts
are larger than what can be explained by photometric un-
certainties or contamination of stellar populations alone.
In fact, remnant contamination from white dwarfs in our
analysis would shift our distance measurements in the
opposite direction.
Unlike the potentials used by LM10 and Pen10, the
potential of VC13 does not have its longest axis perpen-
dicular to the disk of the Milky Way. Rather, it is oblate
and axisymmetric in its inner parts to ensure the stability
of the disk. The transition to a more triaxial outer halo is
smooth and — including the influence of the LMC — can
have axis ratios minor-to-major > 0.8 and intermediate-
to-major ∼ 0.9, in good agreement with findings from
dark matter simulations. The agreement with our data
further strengthens that such models are worth explor-
ing in more detail with the benefit of detailed N-body
simulations rather than a test-particle orbit.
5. SUMMARY AND CONCLUSIONS
We have used deep, multi-band (u∗giz) imaging from
the Next Generation Virgo Cluster Survey (NGVS) to
perform tomography of the Galactic halo in a ∼ 100
deg2 region in the direction of the Virgo cluster. This
region of the sky is known to contain two of the most
prominent structures in the halo of the Milky Way: the
Virgo Over-Density (VOD) and the Sagittarius stellar
stream. Compared to the SDSS, our NGVS photome-
try is both significantly deeper (by ≈ 3.2 mag for point
sources) and has greatly improved image quality (0.′′54
versus 1.′′3). We describe an algorithm to select candidate
MSTO stars using a combination of source concentration,
i-band magnitude and (g− i) and (u∗ − g) colors. Using
this technique, we are able to identify MSTO halo stars
out to distances of d ∼ 90 kpc, with negligible contam-
ination from background sources such as faint, compact
galaxies and globular clusters in the Virgo cluster.
We have carried out tomography of the halo using a
MSTO star filtering approach. The VOD appears in our
data at distances between 5 and 28 kpc and is notori-
ously clumpy in nature. It is most prominent at low
declinations, but extends nearly to the highest declina-
tions reached in the survey. By contrast, the Sagittar-
ius stream slices directly through the NGVS footprint at
distances between 25 and 40 kpc. Carefully dividing the
stream into 2 deg2 cells, we measure the distance gradient
along the leading arm and compare to the predictions of
several numerical models. Our distances are in some-
what better agreement with the model of Pen˜arrubia
et al. (2010) than that of Law & Majewski (2010). Good
agreement is also found with the results of Vera-Ciro &
Helmi (2013) model, who provide a test-particle orbit of
the Sagittarius galaxy in a Milky Way potential that is
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Table 1
Sagittarius Stream Distances Derived from the NGVS
αcenter δcenter (m−M) +σ –σ Weight (/100)
(deg) (deg) (mag) (mag) (mag)
183.0 10.0 17.56 0.27 0.09 100
183.0 11.0 17.53 0.16 0.16 62
183.0 12.0 17.60 0.45 0.05 100
183.0 13.0 17.14 0.15 0.01 46
183.0 13.0 17.53 0.29 0.02 54
183.0 14.0 17.50 0.06 0.01 69
185.0 9.0 17.42 0.13 0.05 58
185.0 9.0 17.88 0.00 0.09 42
185.0 10.0 17.75 0.17 0.06 90
185.0 11.0 17.50 0.01 0.03 41
185.0 11.0 17.85 0.07 0.02 59
185.0 12.0 17.33 0.18 0.18 48
185.0 12.0 18.03 0.02 0.11 52
185.0 13.0 17.65 0.00 0.05 64
185.0 14.0 17.73 0.15 0.03 93
185.0 15.0 17.65 0.09 0.14 100
187.0 9.0 17.93 0.07 0.01 67
187.0 10.0 18.03 0.02 0.07 81
187.0 11.0 17.93 0.07 0.11 87
187.0 12.0 18.00 0.05 0.09 64
187.0 13.0 17.48 0.17 0.01 74
187.0 14.0 17.67 0.02 0.16 64
187.0 15.0 17.70 0.01 0.19 79
187.0 16.0 17.15 0.05 0.09 56
187.0 16.0 17.44 0.34 0.02 44
187.0 17.0 17.62 0.11 0.07 92
189.0 7.0 17.95 0.05 0.04 78
189.0 8.0 17.47 0.00 0.23 45
189.0 9.0 17.69 0.14 0.36 100
189.0 10.0 17.78 0.27 0.14 100
189.0 11.0 17.71 0.03 0.02 88
189.0 12.0 17.81 0.15 0.07 99
189.0 13.0 17.62 0.29 0.02 68
189.0 14.0 17.19 0.09 0.00 42
189.0 14.0 17.75 0.01 0.01 58
191.0 8.0 17.60 0.14 0.09 100
191.0 9.0 17.80 0.08 0.24 99
191.0 10.0 17.55 0.05 0.04 85
191.0 11.0 17.75 0.12 0.01 73
191.0 12.0 17.83 0.08 0.05 80
191.0 13.0 17.87 0.05 0.18 93
191.0 14.0 17.81 0.15 0.02 86
193.0 11.0 17.74 0.09 0.18 84
193.0 12.0 17.89 0.07 0.06 96
171.8a 20.8 17.24 0.14 0.14 100
203.4a 6.8 18.14 0.18 0.09 100
a NGVS background fields.
of changing shape with radius and includes the influence
of the Large Magellenic Cloud. We find no evidence for
new halo substructures beyond a distance of d ∼ 40
kpc.
Future papers in this series will explore the stellar kine-
matics in the NGVS and surrounding regions, as well as
the properties of white dwarfs inside the NGVS footprint.
For the time being, our tomographic analysis demon-
strates how deep, multi-band imaging at carefully cho-
sen locations can be used to probe efficiently the three
dimensional geometry of halo streams. The time is thus
ripe for a newer generation of stream simulations that
can be used to better constrain the accretion history of
the Milky Way and its gravitational potential.
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